Objectives-To investigate the changes over a workshift in fingertip tactile perception thresholds in users of impact wrenches exposed to intermittent hand transmitted vibration. A further aim was to assess the relation between acute changes in tactile sensation, sensorineural disorders, and vibration dose. Methods-The study populations consisted of 30 workers exposed to vibration (16 men and 14 women) and 25 control manual workers (10 men and 15 women Results-After adjustment for age and alcohol consumption, vibrotactile perception thresholds before exposure were greater in the workers exposed to vibration than in the controls. No differences in aesthesiometric thresholds before the shift were found between the study groups. Sensorineural disorders were mild in the workers exposed to vibration and minor neurological abnormalities were detected at the physical examination. Owing to the intermittent use of impact wrenches, the estimated mean (ahw)eq(s) for the subjects exposed to vibration was low (1.3 ms-' rms). A significant temporary threshold shift in vibration perception at all test frequencies was found in the workers exposed to vibration but not in the controls. A significant increase in depth sense perception thresholds was found in the men exposed to vibration. The temporary threshold shift in vibration perception at 125 Hz, and to a lesser extent at 16 and 31.5 Hz, was associated with the severity of sensorineural disorders. In the workers exposed to vibration the temporary threshold shift in vibration sense at all test frequencies was positively related to the estimated dose ofvibration received over a workshift. No significant relation was found between aesthesiometric threshold changes and vibration dose. Conclusions-Intermittent exposure to hand transmitted vibration over a workshift can cause a deterioration of tactile perception in the fingers of users of impact wrenches. Acute tactile dysfunction was related to both the estimated dose of vibration and the severity of sensorineural symptoms. The temporary threshold shift in vibration perception suggested that fast adapting skin mechanoreceptors such as Pacinian and Meissner corpuscles were mainly involved in the acute sensory impairment to the fingertips of the workers exposed to vibration. Changes in tactile perception can occur in workers with daily exposure to vibration that is considered to be associated with a minimal risk of adverse health effects induced by vibration.
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transmitted vibration is a reduction of the sensitivity of the skin of the fingertips to vibration. It is thought that these findings are the clinical manifestations of a peripheral, diffusely distributed neuropathy with predominant sensory impairment.' Vibration is sensed by various skin mechanoreceptors which are located in the epidermal, dermal, and subcutaneous tissues of the glabrous skin of the fingers and hands.4 Skin mechanoreceptors are innervated by A-a myelinated fibres and are classified into four types according to their adaptation to stimuli and the characteristics of their receptive fields.5 6 Fast adapting (FAI and FAII) receptors respond to skin motion, whereas slow adapting (SAI and SAII) receptors are activated during indentation and constant deformation of the skin. The receptive fields of type I units are small with distinct edgings, whereas those of type II units are larger with indeterminate borders. The end organs of FAI units are probably Meissner's corpuscles which respond to frequencies between 5 and 50 Hz. The Pacinian corpuscles (and possibly Golgi-Mazzoni bodies) belong to FAII units which are sensitive at frequencies above 50 Hz. The SA units include Merkel's cell neurite complexes (SAI) and Ruffini endings (SAII) that are sensitive at frequencies lower than [8] [9] [10] [11] [12] [13] [14] [15] [16] Hz. Experimental studies have shown that intense hand transmitted vibration can affect the integrity or functional capacity of skin mechanoreceptors, even in subjects with normal tactile sensitivity.7 This may explain the symptoms of digital paraesthesias and numbness reported by professional users of vibrating tools as well as the signs of impaired tactile sensation and loss of precise manipulation exhibited by these patients at the neurological examination.
An increase in vibrotactile perception thresholds of the fingertips has often been found in the early stages of the hand-arm vibration syndrome.4 At the 1994 Stockholm workshop on the diagnostic and quantitative relations to exposure in hand-arm vibration syndrome, the experts of the working group on vibration induced sensorineural disturbances recommended the measurement of vibrotactile thresholds as a screening test for detecting an incipient neurological injury.8 To assess the function of different mechanoreceptor populations, multifrequency vibrotactile thresholds should be measured on the tips of fingers innervated by the median and ulnar nerves. Other psychophysical measures such as aesthesiometric thresholds were considered suitable to disclose more advanced stages of vibration induced neuropathy. Aesthesiometric and vibrotactile sense threshold testing has been used in laboratory investigations to detect the acute effects of controlled vibration stimuli on tactile perception as well as in clinical and epidemiological studies to measure the severity of sensory disorders in workers occupationally exposed to hand transmitted vibration. 9"20 There is a shortage of data on the acute changes in tactile sense caused by exposure to vibration in the workplace under actual operating conditions. Haines et al investigated vibration induced changes in neurological function over the course of a workshift in hard rock miners, but their study was restricted to aesthesiometric thresholds.2" The main purpose of the present study was to investigate whether intermittent exposure to hand transmitted vibration over a workshift can induce acute changes in aesthesiometric and vibrotactile perception thresholds in the fingertips of users of impact wrenches. A further aim of this field study was to assess the relation between acute changes in tactile sensation, symptoms of sensorineural disorders, and the vibration dose accumulated over a workshift.
Methods

SUBJECTS AND MEDICAL INVESTIGATIONS
The study population consisted of all 30 workers exposed to vibration (16 men and 14 women) employed in the production and assembly workshops of a large factory producing plastic articles. The workers used two different models of impact wrenches from the same manufacturer to tighten screws, bolts, and nuts on the surface of metal frames and moulds. The control group consisted of 25 manual workers (10 men and 15 women) who had never used vibrating tools. They were engaged mainly in maintenance activities.
Each worker attended a medical interview and a complete physical examination. The subjects were carefully questioned about smoking and drinking habits, cardiovascular, neurological, and metabolic diseases, previous musculoskeletal injuries, and use of medicines. None reported a medical history of diabetes, rheumatoid arthritis, thyroid gland disorders, or generalised neuropathies. Occupational history showed that no worker had been exposed to industrial neurotoxic agents in the past. No subject was affected with abnormalities of the fingers such as post-traumatic injuries or fingertip calluses. On the basis of the results of the medical interview and a clinical neurological examination, peripheral sensorineural disorders in the fingers and hands were staged according to a scale similar to that proposed by Brammer et al: O=no sensorineural symptoms; 1 =intermittent numbness, with or without tingling; 2=intermittent or persistent numbness and reduced sensory perception assessed by traditional neurological tests (light touch, temperature, and pain); 3=persistent numbness, reduced sensory perception, and impaired manipulative dexterity.22 Symptoms of persistent discomfort, ache, or pain in the hand-arm system during the previous 12 months were also investigated. Carpal tunnel syndrome (CTS) was suspected if typical symptoms and signs were present-that is, pain, numbness or tingling in the median nerve distribution of the hand, nocturnal exacerbation, positive Tinel's sign at the carpal tunnel or positive Phalen's wrist flexion test, diminished sensitivity to touch or pain in three and a half fingers on the radial side of the hand. 27 For the purpose of this study, vibrotactile perception thresholds were expressed in decibels (dB) relative to a reference root mean squared (rms) acceleration of 1 0-6 ms2. The vibrograms and statistical reports were displayed on the computer screen and output to a printer. During testing the subject sat on a chair with the forearm and hand supported by the vibrometer box.
Before testing each subject underwent a period of familiarization with the instruments for both aesthesiometry and vibrometry to understand the testing procedure and to avoid learning effects. During the testing session, aesthesiometric thresholds were measured before vibrotactile thresholds both at the beginning and the end of the workshift. The mean values of ahW estimated for the two impact wrenches were 4.2 and 7.1 Ms-2 rms, respectively (table 1) . These figures are consistent with those reported in other studies of vibration generated by impact wrenches during the tightening of nuts. 30 Direct observations of the operating conditions in the workplace showed that the impact wrenches were used repeatedly over a workshift fastenings/ h). The duration of each wrenching operation was very short (3-6 s) resulting in an intermittent exposure to hand transmitted vibration. The daily exposure time of each worker exposed to vibration was monitored over the course of the working day during which aesthesiometric and vibrotactile testing was carried out. Assuming a fastening operation as the basic work cycle, the individual exposure time to hand transmitted vibration was estimated as the mean duration of the work cycle multiplied by the number of work cycles per day. According to this procedure, the time the operator had the hand in contact with the vibrating tool averaged 1.16 h/day for the male workers and 0.30 h/day for the female workers. Daily exposure to vibration was then assessed in terms of eight hour energy equivalent frequency weighted acceleration ((ahw)eq (8) in ms'2 rms) according to the British standard 6842:
MEASUREMENT AND ASSESSMENT OF VIBRATION EXPOSURE
(ahw)eq(8) = (T18) 1/2 (ahw)eq (7) Table 2 reports the characteristics of the study populations. Among the female workers those exposed to hand transmitted vibration were younger than the controls (P<0.05), whereas no difference in age was found between the two male subgroups. Anthropometric variables and smoking habits were comparable between the workers exposed to vibration and the respective controls in both the male and female groups. In the men alcohol consumption was greater in the workers exposed to vibration than in the controls (P<0.01). Vibration exposure expressed in terms of daily exposure time (a,,.),,(8, and vibration dose was found to be higher in the men than in the women (P<0.01). In the whole group exposed to vibration the mean (SD) estimated (ahw)eq(,) was 1.33 (0.31) ms-2 In the workers exposed to vibration the changes over a workshift in two point discrimination, depth sense perception, and vibrotactile perception thresholds at all test frequencies were inversely related to the respective absolute thresholds obtained at the start of the workshift (P<0.05). In contrast, such relations were not found in the controls.
When the workers exposed to vibration were divided into the various stages of sensorineural disorders (fig 2) , after adjustment for age, sex, and alcohol consumption, the changes over a workshift in fingertip vibrotactile perception thresholds at the frequency of 125 Hz were significantly greater in the subjects with more severe sensorineural symptoms (2+3) than in the controls and the other exposed workers with mild disturbances (1) or with no symptoms (0). The same trend was found for the frequencies of 16 and 31.5 Hz but the differences were marginally significant and Values are mean differences (SEM) between measures of thresholds (mm), before and after the shift.
Paired samples: * P < 0.05, ** P < 0.02, *** P < 0.01; independent samples: t P < 0.05, analysis of covariance (covariates: age and alcohol consumption). Fitted vibration, intermittent exposures lumberjacks, grinders, platers, and even denught to be less harmful than continuous tists compared with unexposed controls inLres. In this context, the measurement of cluding both white or blue collar workers.1520 It perception thresholds is considered to is worth noting that the increase in vibrotactile Promising method to test the degree of perception thresholds among the workers y dysfunction in workers with different exposed to vibration in this study involved the is of exposure to vibration.' 19 34 skin territories innervated by both the median and the ulnar nerves. This finding tends to corroborate the hypothesis that prolonged expo-' OF THE MEASURING EQUIPMENT ON sure to hand transmitted vibration can cause a 'ACTILE PERCEPTION THRESHOLDS diffusely distributed sensory neuropathy in the aown that vibration sense thresholds in fingers and hands.3 In this study aesthesiometgertips may be influenced by several fac-ric thresholds measured before a workshift did ome of which depend on the method not differ between the workers exposed to o determine the thresholds. It has been vibration and the controls, confirming the ed that fingertip vibrotactile perception notion that permanent deterioration of gap olds depend on the frequency of vibra-detection and depth sense occurs only in the simulation, the area of contact with vibra-advanced stages of vibration induced he conditions surrounding the contact neuropathy.8 area, the contact force, the push force, and the finger temperature.'3 '7 In this study the vibrotactile perception thresholds in the fingertips of the control workers were consistent with those obtained in healthy subjects who were tested with the same measuring equipment.36 37 However, the fingertip vibrotactile perception thresholds measured with the present vibrometer were lower at 16 and 31.5 Hz and slightly higher at 125 Hz than those obtained in other groups of normal people by means of different measuring equipment. 16 20 37 38 According to Maeda and Griffin, these differences may be explained by the presence of the surround in the vibrometer used in this study. 37 The same authors found a lower variability and a greater repeatibility for vibrotactile perception thresholds determined with a measuring method which controls push force, contact force, and surround.37
The findings of this study showed that the tactile performance of the workers exposed to vibration significantly deteriorated over the course of a workshift. Tactile dysfunction involved depth sense perception thresholds and vibrotactile perception thresholds at all test frequencies in the men exposed to vibration, whereas the sensory changes shown by the women exposed were limited to vibrotactile perception thresholds, especially at 125 Hz. In contrast, no significant variation in tactile sense was found in the control manual workers. Within the group exposed to vibration the acute changes in vibrotactile perception thresholds were found to be associated with the vibration dose received during the working day. After controlling for several confounders by multiple regression analysis, there was again evidence of a significant effect ofvibration dose on the temporary threshold shift of vibration perception.
In this study the measurement of temporary threshold shift at various test frequencies was found to separate on a group basis the workers exposed to vibration with and without sensorineural symptoms from the control manual workers. Similar findings were reported by Lidstrom et al who measured the temporary threshold shift of vibrotactile sense at 100 Hz after vibration stimulation in a group of workers who used different types of rotary and percussive tools." In the present study the greater temporary threshold shift in vibrotactile perception found in the workers exposed to vibration with no symptoms compared with the controls may also suggest that the asymptomatic workers were affected with an initial, subclinical, form of vibration induced neuropathy. This was greater than that found in the present field study. This is likely to be due to differences in the exposure conditions and the time interval between threshold measurement and the end of exposure to vibration. Experimental studies of temporary threshold shift in the laboratory involve the use of sinusoidal vibration with intense acceleration levels and the measurement of temporary threshold shift is performed immediately after the end of exposure to vibration. The aim of this study was to investigate the changes in tactile perception provoked by actual use of hand held vibrating tools in the workplace. This means that the influence of some variables such as the physical characteristics of vibration, the operator's method of working, and the grip force exerted on the tool handle could not be controlled. Moreover, the temporary threshold shift of vibration perception was measured within five minutes of the end of a workshift so that the magnitude of the immediate temporary threshold shift after vibration could not be determined. However, it is remarkable that the results of this field study are not inconsistent with the experimental findings of a significant increase in vibrotactile perception thresholds with increasing exposure to vibration. It is also worth noting that overall the greatest changes in fingertip vibrotactile perception thresholds were found at the test frequency of 125 Hz, a finding which may be associated with the high frequency spectra of the impact wrenches used by the workers exposed to vibration. This finding is also in agreement with the clinical evidence that the early stages of vibration induced neuropathy are primarily correlated with an impairment of the sensitivity of FAII receptor units which are anatomically connected to Pacinian corpuscles and are sensitive at frequencies above [40] [41] [42] [43] [44] [45] [46] [47] [48] [49] [50] Hz.'4 " Furthermore, in this study the temporary rise in vibrotactile perception thresholds at 125 Hz, and partially at 16 and 31.5 Hz, was associated with the severity of sensorineural disorders, confirming the results of other investigations which indicate a major involvement of FAII units, and to a lesser extent of FAI units, in the pathophysiological mechanisms underlying vibration induced neuropathy." 3 16 18 There are few studies of the acute changes in tactile perception caused by vibrating tools under actual operating conditions.'2 21 40 40 The greatest reduction in the vibration sensitivity at the frequencies of 35 to 500 Hz was found in the subjects with more intense exposure to vibration. A complete recovery of temporary threshold shift occurred within 30 minutes of the end of the working day, independently of the intensity of exposure to vibration. In a group of workers who used grinding and polishing tools, Radzyukevich found that the magnitude of vibrotactile perception thresholds increased with the increase in the duration of employment.4' Moreover, the Russian author found that the permanent threshold shift in vibration sense was inversely related to the temporary threshold shift measured at the end of a working day. This is consistent with the findings of this study in which similar inverse relations between permanent and temporary threshold shifts were noticed for both aesthesiometric and vibrotactile thresholds. The relation between the permanent and temporary threshold shifts of tactile sense produced by exposure to vibration is not yet fully known, even though it has been reported that the mean temporary threshold shift in a group of workers exposed to hand transmitted vibration corresponded to the permanent shift in vibration perception that was found in the same group after 10 years of exposure.42 The analogy with the theory which claims an association between noise induced permanent and temporary threshold shift in hearing thresholds is evident but further longitudinal data are needed to support such a hypothesis.
PATHOGENIC MECHANISMS
The pathogenic mechanisms of the tactile sensory dysfunction caused by hand transmitted vibration are not yet fully clarified. The temporary threshold shift of tactile sense is thought to be the resuIt of a depression of the excitability of the skin mechanoreceptive units secondary to intense vibration stimulation.7 The decreased sensitivity of the skin mechanoreceptors is transitory and seems to correspond to a phase of hyperpolarisation which follows rapid neural discharges from the receptors in response to local mechanical stress. It has been suggested that vibration induced changes in skin microcirculation and biomechanical properties of the skin may also contribute to the magnitude of temporary threshold shift after exposure to vibration.7 Other pathogenic mechanisms for the nerve injury caused by segmental vibration have been suggested by the findings of histological studies of both experimental animals and human finger skin biopsies.4"'6 It has been reported that acute exposure to vibration induced epineural oedema in the sciatic nerve of rats, resulting in an increased intraneural pressure which can interfere with nerve fibre nutrition. 43 Moreover, prolonged exposure to intense vibration was found to provoke a variety of lesions in the peripheral nerves of rabbits and rats-such as disruption of the myelin sheaths, constriction of the axons, and disappearance of microtubules and microfilaments in the axons. 45 46 These findings are consistent with the results of finger skin biopsy studies performed by Takeuchi et al who found severe loss of myelin sheath, perineural fibrosis, and a decreased number of myelinated nerve fibres in the fingers of 30 patients exposed to hand transmitted vibration. 44 The perineural fibrosis was interpreted as the result of previous vibration induced oedema. It is noteworthy that the main morphological changes found in the experimental animals occurred in the nerve fibres with diameter from 2 to 12 ,um-that is, sensory fibres from Pacinian and Meissner corpuscles and other neural endings sensitive to pressure, touch, and pain. 45 46 Thus, the overall results of clinical and experimental studies seem to suggest a plausible link between subjective symptoms, psychophysical changes, and pathoanatomical lesions in vibration induced neuropathy.
EXPOSURE-RESPONSE RELATION
In this study of users of impact wrenches the estimated daily exposure to vibration, expressed in terms of (ahw)e, (8) , was slightly greater than 1 Ms-2, an energy equivalent acceleration value that is considered by some researchers as the threshold level below which exposure to vibration should not cause notable adverse effects on health and safety ofworkers.47 48This threshold value is also consistent with the dose-effect relations included in the annexes to the standards ISO 5349 and BS 6842. 28 31 However, it should be noted that the risk prediction in the ISO and BS standards applies to vibration induced vascular disorders (VWF), whereas at present there are insufficient exposure and epidemiological data to establish that the current exposure-response relation is also valid for vibration induced neurological disturbances. The findings of a study of the dose-response relation for sensory neuropathy among platers and assemblers suggested that at a low rate of prevalence (around 10%) sensorineural symptoms seemed to appear earlier than those related to vascular disorders. 49 In the same study the prevalence of sensorineural disorders tended to increase with the increase of vibration dose, but no reliable doseresponse relation could be established. The present study showed that working operations with impact wrenches can cause a deterioration of tactile function which was found to be related to the vibration dose accumulated over a workshift. However, to date the available epidemiological data are insufficient to outline the form of a possible dose-response relation for vibration induced sensorineural disorders.
Conclusion
The findings of this study indicate that intermittent exposure to hand transmitted vibration can provoke acute tactile dysfunction in users of impact wrenches with mild sensory symptoms and minor neurological abnormalities. It is thought that sensorineural disorders may cause more work disability than VWF as their persistence can lead to incapacity to perform tasks requiring manipulative skill. The loss of tactile sense can also disturb the manual control of power tools increasing the risk of accidents at the workplace. It is a matter of concern for the occupational health physician that objective signs of acute tactile dysfunction could be detected in workers exposed to an energy equivalent acceleration at a level that is considered to be associated with a minimal risk for vibration induced adverse health effects.28 31 47 48 These considerations call for the implementation of programmes of technical measures and medical surveillance aimed at preventing the progression of neurological disorders in the surveyed worker group. 
